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It has been proposed1 theoretically that the first generation of stars in the Universe
(population III) would be as massive as 100 solar masses (100M⊙), because of inefficient
cooling2−4 of the precursor gas clouds. Recently, the most iron-deficient (but still
carbon-rich) low-mass star – HE0107-5240 – was discovered5. If this is a population
III that gained its metals (elements heavier than helium) after its formation, it would
challenge the theoretical picture of the formation of the first stars. Here we report
that the patterns of elemental abundance in HE0107-5240 (and other extremely
metal-poor stars) are in good accord with the nucleosynthesis that occurs in stars
with masses of 20 − 130M⊙ when they become supernovae if, during the explosions,
the ejecta undergo substantial mixing and fall-back to form massive black holes. Such
supernovae have been observed7. The abundance patterns are not, however, consistent
with enrichment by supernovae from stars in the range 130 − 300M⊙. We accordingly
infer that the first-generation supernovae came mostly from explosions of ∼ 20 − 130M⊙
stars; some of these produced iron-poor but carbon- and oxygen-rich ejecta. Low-mass
second-generation stars, like HE0107-5240, could form because the carbon and oxygen
provided pathways for gas to cool.
The abundance pattern of HE0107-5240 is characterized by very large C/Fe and N/Fe ratios,
while the abundances of elements heavier than Mg are as low as that of Fe (Fig. 1). How could this
peculiar abundance pattern have be formed? We note that this is not the only extremely metal-poor
(EMP) star to have large C/Fe and N/Fe ratios – several other such stars have been discovered 8−10.
Therefore a reasonable explanation of the abundance pattern should also apply to other EMP stars.
Before describing our model, we examine two alternative explanations of the abundance pattern
of C-rich EMP stars5. These explanations assume that small-mass stars formed from EMP gases,
and that carbon was enhanced after the formation. The first is mass transfer from a companion star.
This explanation suffers from two difficulties. (1) Not all EMP stars have observational evidence
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for the existence of the existence of companion stars, though further observations to obtain radial
velocity data are necessary11. (2) Some EMP stars (for example, CS 22949-037 and CS 29498-043)
have a relatively large Si abundance, [Si/Fe] ∼ 1 (refs 8-10). (Here [A/X] = log10(NA/NX)−
log10(NA/NX)⊙, where the subscript ⊙ refers to the Sun and NA and NX are the number densities of
elements A and X respectively.) The overabundance of Si is very difficult to explain by mass transfer
from companion AGB stars.
The second explanation is matter accretion onto a population III star during repeated passages
through the Galactic disk6. This model alone cannot explain the large abundance of C and N –
for example, in HE0107-5240, with [C/H] = −1.3. Therefore, C and N need to be produced in the
interior of the EMP stars. Recently, nucleosynthesis in the low-mass population III stars was studied
extensively12,13. Such studies reveal that C and N abundances can be significantly enhanced if mixing
is efficient during the He-flash in the core at the tip of the red-giant branch. However, HE0107-5240
is identified as a low-mass (∼ 0.8M⊙) red giant
5, and thus this mechanism is not likely to operate.
Here we consider a model in which C-rich EMP stars are produced in the ejecta of (almost)
metal-free supernovae mixed with EMP interstellar matter. We use population III pre-supernova
progenitor models14, simulate the supernova explosion, and calculate detailed nucleosynthesis. The
elemental abundances of one of our models are in good agreement with HE0107-5240 (Fig. 1). In
this model, the progenitor mass is 25M⊙ and the explosion energy Eexp = 3 ×10
50 erg (or E51 =
Eexp / 10
51 = 0.3). The resultant abundance distribution is shown in Fig. 2. The processed material
is assumed to mix uniformly in the region from Mr = 1.8 M⊙ to 6.0 M⊙ (where Mr denotes the
lagrangian mass coordinate measured from the centre of the pre-supernova model). Such a large-scale
mixing was found to take place in SN1987A and various explosion models15,16. Almost all materials
below Mr = 6.0M⊙ falls back to the central remnant and only a small fraction (factor f = 2 ×10
−5)
is ejected from this region.
The CNO elements in the ejecta were produced by pre-collapse He shell burning in the He layer,
which contains 0.2M⊙
12C. Mixing of H into the He shell-burning region produces 4× 10−4M⊙
14N.
On the other hand, only a small amount of heavier elements (Mg, Ca, and Fe-peak elements) are
ejected and their abundance ratios are the average over the region of Mr = 1.8 − 6.0M⊙. The
subsolar ratios of [Ti/Fe] = −0.4 and [Ni/Fe] = −0.4 are the results of the relatively small explosion
energy (E51 = 0.3). With this ‘mixing and fallback’, the large C/Fe and C/Mg ratios observed in
HE0107-5240 are well reproduced. In this model, N/Fe appears to be underproduced. However, N
can be produced inside the EMP stars through the C-N cycle, and brought up to the surface during
the first dredge up stage while becoming a red-giant star17.
The ‘mixing and fallback’ is commonly required to reproduce the abundance pattern of typical
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EMP stars14. In Fig. 3 we show a model that is in good agreement with CS22949-037. This star
has [Fe/H] ≃ −4.0 and is also C and N rich10, though C/Fe and N/Fe ratios are smaller than
HE0107-5240. This model is the explosion of a 30M⊙ star with E51 = 20. In this model, the mixing
region (Mr = 2.33− 8.56M⊙) is chosen to be smaller than the entire He core (Mr = 13.1M⊙), in order
to reproduce relatively large Mg/Fe and Si/Fe ratios. Similar degree of mixing would also reproduce
the abundances of CS29498-043 (ref. 9), which shows a similar abundance pattern. We assume a
larger fraction of ejection, 2%, from the mixed region for CS22949-037 than HE0107-5240, because
the C/Fe and N/Fe ratios are smaller. The ejected Fe mass is 0.003 M⊙. The larger explosion energy
model is favored for explaining the large Zn/Fe, Co/Fe and Ti/Fe ratios14. Without mixing, elements
produced in the deep explosive burning regions, such as Zn, Co, and Ti, would be underproduced.
Without fallback, the abundance ratios of heavy elements to lighter elements, such as Fe/C, Fe/O,
and Mg/C would be too large.
In this model, Ti, Co, Zn and Sc are still under-produced, but these elements may be enhanced
efficiently in the aspherical explosions18. Almost the same effects as the ‘mixing and fallback
mechanism’ are realized if the explosion is jet-like, although the total energy can be smaller if the
beaming angle of the jet is small. Similarly, the ‘mixing and fallback’ process can reproduce the
abundance pattern of the typical EMP stars without enhancement of C and N. For example, the
averaged abundances of [Fe/H] ≃ −3.7 stars in ref.8 can be fitted well with the model of 25M⊙ and
E51 = 20 but with a larger fraction (∼ 10%) of the processed materials in the ejecta.
In our model, [Fe/H] of several kinds of EMP stars can be understood in the supernova-induced
star formation scheme19,20. In this scheme, [Fe/H] of the second-generation stars are determined
by the ejected Fe mass divided by the mass of hydrogen swept up by the supernova ejecta. As the
swept-up hydrogen mass is roughly proportional to the explosion energy, Fe/H ∝ (M(Fe)/0.07M⊙) /
E51, where M(Fe) is the ejected Fe mass. The average stars of [Fe/H] ≃ −3.7 (ref. 7), CS22949-037,
and HE0107-5240 correspond to (M(Fe)/0.07M⊙) / E51 = 0.07, 0.002, and 0.0004, respectively. This
correspondence suggests that [Fe/H] of the EMP stars do not reflect the age of the stars, but rather
the properties of the supernovae, such as the degree of mixing and fallback or collimation of a jet.
We have shown that the ejecta of core-collapse supernova explosions of 20 − 130M⊙ stars can
well account for the abundance pattern of EMP stars. In contrast, the observed abundance patterns
cannot be explained by the explosions of more massive, 130 − 300M⊙ stars. These stars undergo
pair-instability supernova and are disrupted completely14,21, which cannot be consistent with the
large C/Fe ratio observed in HE0107-5240 and other C-rich EMP stars. Also, the abundance
ratios of iron-peak elements ([Zn/Fe]< −0.8 and [Co/Fe]< −0.2) in the ejecta of pair-instability
supernovae14,21 cannot explain the large Zn/Fe and Co/Fe (ref.14) in the typical EMP stars8,22,23 and
CS22949-037. Therefore the supernova progenitors that are responsible for the formation of EMP
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stars are most likely in the range of M ∼ 20− 130M⊙, but not more massive than 130 M⊙.
We have also shown that the most iron-poor star, as well as other C-rich EMP stars, is likely
to be enriched by massive supernovae that are characterized by relatively small Fe ejection. Such
supernovae are not hypothetical, but have been actually observed, forming a distinct class of type
II supernovae (‘faint supernovae’)24. The prototype is SN1997D, which is very underluminous and
shows quite narrow spectral lines7: these features are well modeled as an explosion of a 25M⊙ star
ejecting only 2 × 10−3M⊙
56Ni with small explosion energy E51 ∼ 0.4 (ref. 7). SN1999br is a very
similar faint supernova25. On the other hand, typical EMP stars without enhancement of C and N
correspond to the abundance pattern of energetic supernovae (‘hypernovae’24). For both cases, black
holes more massive than∼ 3− 10M⊙ must be left as results of fallback, suggesting copious formation
of the first black holes from the first stars. These black holes may make up some of the dark mass in
the Galactic halo.
In our model, HE0107-5240 with [Fe/H]= −5.3 was formed from C- and O-enhanced gases
with [C,O/H] ∼ −1. With such enhanced C and O, the cooling efficiency is large enough to form
small-mass stars. In other word, our model predicts that low-mass EMP stars with [Fe/H] < −4 are
likely to have enhanced [C, N, O/Fe] and [Mg/Fe] in some cases. A consequence of the low-mass
EMP stars being carbon-rich is that the population III stars that provided their metals are massive
enough to form (the first) black holes.
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Fig. 1.— Elemental abundances of HE0107-5240, compared with a theoretical supernova yield.
HE0107-5240 (filled circles) is the most Fe-deficient, C-rich star yet observed, with [Fe/H]= −5.3
and very large ratios of [C/Fe]=4.0 and [N/Fe] =2.3. Here the supernova model is the population
III 25M⊙ core collapse, with relatively small explosion energy E51 = Eexp/10
51 erg =0.3 (see Fig.
2). In this model, the supernova ejecta is assumed to be mixed inside the He core (within the mass
coordinate Mr= 1.83 and 6.00 M⊙) and only a small fraction of the matter, 0.002% (f=0.00002), is
ejected from this region. The ejected Fe (or 56Ni) mass, 8× 10−6M⊙, is so small that the large C/Fe
ratio can be realized.
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Fig. 2.— The post-explosion abundance distributions for the population III 25M⊙ model with
explosion energy E51 = 0.3. Explosive nucleosynthesis takes place behind the shock wave that is
generated at Mr = 1.8 M⊙ and propagates outward. The hydrogen-rich envelope at Mr > 9M⊙ is not
shown.
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Fig. 3.— Elemental abundances of CS22949-037, compared with a theoretical supernova yield. The
blue and red open circles are observed data from refs 8 and 10, respectively. For the theoretical
model (open squares and solid lines), a high energy model (E51 = 20) is adopted for the relatively
large abundances of Co and Zn. In this 30M⊙ model, the He core is 13.1 M⊙. The mixing region
(Mr = 2.33 − 8.56M⊙ ) is smaller than the entire He core, and the matter ejection factor f (=0.002)
is larger than the model for HE0107-5240 because of larger Mg/C and C/Fe ratios.
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